For the first time the antineutrino spectrum formed as a result of neutron and tritium decays during the epoch of primordial nucleosynthesis is calculated. This spectrum is a non-thermal increase in addition to the standard cosmic neutrino background (CνB) whose thermal spectrum was formed before the beginning of primordial nucleosynthesis. For energy larger than 10 −2 eV the calculated non-thermal antineutrino flux exceeds the CνB spectrum and there are no other comparable sources of antineutrino in this range. The observations of these antineutrinos will allow us to look directly at the very early Universe and non-equilibrium processes taken place before, during, and some time after primordial nucleosynthesis.
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I. INTRODUCTION
The observations of the Cosmic Microwave Background (CMB) allow us to see into our Universe when it was about 380 000 years old. Similarly primordial nucleosynthesis provides us with an indirect probe of the early Universe (about a few minutes old) based on the comparison of light element ( 4 He, D, 7 Li) observations with corresponding theoretical calculations, which in turn is based on the well-established knowledge of nuclear and particle physics (e.g. [1, 2] ). We cannot observe the Universe at that epoch directly using electromagnetic radiation due to the opacity of the Universe at early stages right up until primordial recombination. Nevertheless, the direct information about the first seconds of the Universe evolution principally can be obtained by the detection of relic neutrinos, well known as the cosmic neutrino background CνB (note that cosmic neutrino background consists of neutrino as well as antineutrino, so it is more correct to use the following abbreviation CννB). Like the cosmic microwave background radiation, the CνB was formed with a thermal equilibrium spectrum which for neutrinos (ν) and antineutrinos (ν) is given by the Fermi-Dirac distribution (with zero neutrino mass):
2 dp exp(pc/kT ) + 1
Note that we can neglect the neutrino mass at the decoupling period (T ∼ 2 MeV) because there is the upper limit of m ν <0.23 eV [3, 4] and the ratio m ν c 2 /kT is about 10 −7 for this period. After neutrino decoupling the spectrum has kept the same form (due to the adiabatic expansion of the Universe) with a temperature decreasing like T ν ∝ (1 + z), where z is the cosmological redshift. It is very important to note that this fact takes place for momentum distribution n(p) whether or * Electronic address: iav@astro.ioffe.ru † Electronic address: yurchvlad.astro@mail.ioffe.ru not neutrino possesses mass, while the form of energy distribution n(ε) depends on neutrino mass (see next section). Therefore despite the fact that m ν = 0, today (z = 0) the momentum distribution n(p) has the form to be the same as Eq. (1) with the current temperature T ν0 whose value is related to the current temperature of the relic photons T γ0 (the CMB temperature). The theory of primordial nucleosynthesis give us the relation between the relic neutrino and photon temperatures, T ν = (4/11) 1/3 T γ , arising from electron-positron annihilation. Given this relation and the current value of T γ0 = 2.725 ± 0.001 K [5] , we have the present temperature of relic neutrinos to be T ν0 ≈ 1.945 K. However, at the same time the electron-positron annihilation leads to the heating of neutrinos and forms the non-thermal distortion of the neutrino spectrum [6] [7] [8] [9] [10] , therefore strictly speaking T ν0 is not defined.
In addition to the relic neutrinos it should be mentioned that there are other neutrino backgrounds at high energies (ε 1 MeV) which could be called "cosmological" as well: the diffuse supernova neutrino background [11] , the active galactic nuclei (AGN) background and cosmogenic (GZK) neutrinos arising from interactions of ultra-energetic protons with the CMB photons (for more details see e.g. [12] and references therein).
In this work we discuss the complementary ability to look at the early Universe and non-equilibrium processes occurred before, during and after primordial nucleosynthesis using spectrum calculations and future possible observations of antineutrinos having arisen from neutron and triton (nucleus of tritium) decays (n → p + e − +ν, t → 3 he + e − +ν).
II. THE SPECTRUM OF ANTINEUTRINO OF PRIMORDIAL NUCLEOSYNTHESIS
During primordial nucleosynthesis as a result of weak and nuclear interactions there is some amount of neutron and tritium (see Fig. 1 ), whose decays give rise to nonthermal antineutrinos in addition to the thermal relic neutrinos and antineutrinos (Eq. 1). The number densities of antineutrinos arising under neutron and tritium decays with momentum between p and p + dp during the time dt is given by
Here λ is neutron or tritium decay rate. It relates with the mean lifetime as λ=1/τ (τ n =(880.2 ± 1.0) s [14] and τ t =(17.66 ± 0.03) yr [15] ), n n,t (t) is the number density of neutron/tritium at the moment t corresponding cosmological epoch with redshift z. It can be expressed as
, where Y n,t (z) is the ratio of neutrons or tritium to all baryons n b , and n 0 b = ηn 0 γ 2.48 · 10 −7 cm −3 (see, e.g. [16] ) is the baryon number density at the present epoch (z = 0). The value f (p)dp is the neutrino fraction with momentum between p and p + dp arising due to neutron/tritium decays f (p)dp = C (1 −p)(1 −p + 2m e )(1 −p +m e )p 2 dp (3) here, neutrino momentum takes a value 0 p Q/c, Q is the value of the energy release of the reaction, p = pc/Q is dimensionless momentum, 0 p 1, m e = m e c 2 /Q -dimensionless electron mass, C is the dimensionless normalization constant determined by Q/c 0 f (p)dp = 1.
Since the spectrum has kept its form under the adiabatic expansion of the Universe and neutrino that has momentum p 0 at the present epoch (z = 0) had momentum p(z) = p 0 ·(1 + z) at cosmological epoch with redshift z, therefore we can express the modern momentum distribution in the following form:
f 0 (p 0 )dp 0 = f (p 0 ·(1+z))(1+z)dp 0 ,
where f (p 0 ·(1+z)) is taken from the right-hand side of Eq. (3) . Therefore, the spectrum of the non-thermal antineutrinos formed at the BBN era and observed now can be expressed as
here the minus sign reflects the fact that redshift decreased as time passed; p 0 takes a value from the range 0 p 0 Q/c, for given p 0 the value p 0 (1 + z) cannot be large than Q/c what gives us the upper limit of integrationz(p 0 ) = Q/(p 0 c) − 1, at the same time this value must not be larger than redshift of neutrino decoupling; the factor 1/(1 + z) 3 in the integral arises from the dilution of neutrons and tritium due to the Universe expansion. The function dt/dz in Eq. (5) can be derived from the time-temperature-redshift relation (e.g. [1] ):
which is valid for this cosmological period, when the early Universe was radiation dominated. To obtain dependences of the relative abundances n(z) of light nuclei on redshift during the period under consideration, we have updated our own previous numerical code of primordial nucleosynthesis [13] which is based on the historical Wagoner's code [17] . Results obtained by using our code (Fig. 1 ) are in satisfactory agreement with the results of modern analogous codes [18] [19] [20] [21] . The calculated antineutrino spectra, together with the CνB neutrino/antineutrino, the Solar neutrino, and the geologically produced antineutrino spectra are shown in Fig. 2 . It should be noted that the calculated antineutrino spectra for both neutrons and tritium have specific features. The neutron spectrum has a sharp step and the tritium spectrum shows a local maximum. These features repeat the existing peculiarities of the time evolution of the neutron and tritium abundances (Fig. 1) .
In the case of massless neutrinos with the relativistic energy-momentum relation ε = pc the neutrino energy is determined by Eq.1 (blue-cyan solid curve for mν = 0). The solar neutrino spectrum (red-yellow curve) constructed by using data from [22] . The geologically produced antineutrino spectrum (brown curve) [23, 24] . The non-thermal spectra. Doublet of narrow cosmological neutrino lines due to decays of 7 Be [25] and the non-equilibrium neutrino distortion (∆f ≡ f − f0) of the CνB high-energy tail caused by e ± -annihilation [6, 7] (dotted violet curves). The non-thermal antineutrino spectra formed by decays of neutronsν(n) (red curve) and tritonsν(t) (crimson curve) which have been calculated in this work. In addition to the spectra mentioned above we present the spectra of CνB andν(n),ν(t) calculated under conditions of non-zero neutrino mass (dashed curves; for instance, we take mν = 0.01 eV, and the energy for this case denotes ε kin ≡ ε − mν c 2 ).
distribution function and the neutrino momentum distribution function (Eq. 5) are the same up to the constant factor dε/dp = c, while in the case m ν = 0, with the energy-momentum relation ε = p 2 c 2 + m 2 c 4 , it has led to significant differences of the distributions in the kinetic energy range where ε kin ≡ ε − mc 2 < m ν c 2 (see Fig. 2 ). Since a flux of particles is experimentally observable quantity, this is what we show on Fig. 2 . Flux of antineutrino can be found by integrating Eq. (5) multiplied by a neutrino velocity v(ε) = dε(p)/dp over hemisphere in the projection on normal to field on which flux is measured:
As spatial distribution of antineutrino is isotropic integrating Eq. (7) is reduced to multiplying of Eq. (5) by a factor v(ε)/4. In addition, it is important to note that, in comparing the total fluxes of solar and cosmological neutrinos moving through the surface of an imaginary neutrino detector, solar neutrino would penetrate into the detector from only one hemisphere while cosmological neutrino and antineutrino would penetrate into the interior of the detector through both hemispheres.
III. THREE SORTS OF NON-THERMAL RELIC NEUTRINOS.
Thus, there are three sorts of non-thermal relic neutrinos related to different physical phenomena of primordial nucleosynthesis:
• The first of these phenomena is the non-equilibrium neutrino distortion of the CνB high-energy tail caused by e ± -annihilation occurred at the beginning of primordial nucleosynthesis at T 1 MeV (for more details see [6] [7] [8] [9] [10] ).
• The second one is narrow neutrino lines from 7 Be decay happened after primordial nucleosynthesis and before primordial hydrogen recombination [25] . Note that the authors briefly mentioned about the existence of non-thermal antineutrinos from n and t decays but they did not calculate their spectra.
• Finally, the non-thermal antineutrinos from n and t decays whose spectra were calculated in this work for the first time.
For comparison all three non-thermal relic neutrino spectra are shown in Fig. 2 . Unfortunately, the first two mentioned spectra have the very small contrast against the background of the CνB and solar neutrino spectra, while n and t decay antineutrino spectra considerably exceed the CνB and any known antineutrino background for energy larger than 10 −2 eV.
IV. POSSIBILITY OF THE DIRECT DETECTION OF THE RELIC NEUTRINOS
The existence of CνB has been indirectly proved from the very good agreement between primordial nucleosynthesis predictions and astronomical observations of the light element abundances, 4 He, D, 7 Li (e.g. [26] ). The ideas of detecting CνB have been discussed since the 1960s. However the direct observations of the relic neutrinos is a great challenge to present experimental techniques due to the very low energy ( 10 −4 eV) of relic neutrinos at the present epoch. A principal possibility of the direct detection of the relic neutrino background was first discussed in papers [27] and [28] . Among several proposals for the direct detection of the relic neutrinos, the most promising ones are relic neutrino capture on radioactive β-decaying nuclei [29] and relic antineutrinos capture on radioactive nuclei decaying via electron capture [30, 31] . The descriptions of other ways and current perspectives of the direct detection of the relic neutrinos/antineutrinos see, for instance, the following detailed works [32] [33] [34] [35] [36] [37] .
V. CONCLUSION
The non-thermal relic neutrinos provide a powerful tool to probe the early Universe. The CMB discovery became definitely an important milestone in cosmology. First, we have learned that the unique physical phenomenon, an echo of early hot stages of the Universe, exists. Second, the study of the CMB distortions gives us information about non-equilibrium processes which have been taking place from primordial recombination up to now, and provides accurate values of several key cosmological parameters [4] . Likewise, the observations of the CνB spectrum and its distortions will become a unique window on the much more early Universe (a few minutes and hours after the Big Bang).
